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sensitive marker for DNA double-strand breaks (DSBs). cH2AX is required for the accumulation of
many DNA damage response (DDR) proteins at DSBs. Thus it is believed to be the principal signaling
protein involved in DDR and to play an important role in DNA repair. However, only mild defects in
DNA damage signaling and DNA repair were observed in H2AX-deﬁcient cells and animals. Such
ﬁndings prompted us and others to explore H2AX-independent mechanisms in DNA damage
response. Here, we will review recent advances in our understanding of H2AX-dependent and inde-
pendent DNA damage signaling and repair pathways in mammalian cells.
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The genome, which contains nuclear DNA, is continuously
challenged by a variety of genotoxic stresses. These insults lead
to ruptures of sugar–phosphate DNA backbone which can generate
single-stranded DNA (ssDNA) breaks and double-stranded DNA
breaks (DSBs). DSBs are the most lethal type of DNA damage, and
their inefﬁcient or inaccurate repair can create mutations and
chromosomal translocations that induce genomic instability and
ultimately cancer development [1,2]. Many events are responsible
for generating DSBs: ionizing radiation or treatment with radiomi-
metic drugs [3,4], reactive oxygen species, drugs and DNA modiﬁ-
cations that induce replication and/or transcription stress [5–8],
and ultraviolet radiation in S phase cells [9,10]. In addition, DSBs
can arise during normal physiological processes, such as V(D)J
recombination, class-switch recombination, and meiosis [11–13].
Integration following retroviral infection also induces DSBs [16].
Similarly, telomere shortening would reveal unprotected double-
stranded ends [14,15]. To deal with DNA double-stranded breaks,
cells are equipped with two major repair pathways, the non-
homologous end-joining (NHEJ) pathway and the homologous
recombination (HR) pathway. In the NHEJ pathway, DSB ends arechemical Societies. Published by E
perimental Radiation Oncol-
cer Center, 1515 Holcombe
77030, USA. Fax: +1 713 745
.simply joined directly or joined after limited processing. Therefore,
NHEJ occurs rapidly and is used throughout the cell cycle. On the
other hand, HR mainly takes place during late S and G2 phases
since it uses a sister homolog as a template for repair [17].
In addition to these repair pathways, cells also possess evolu-
tionarily conserved pathways that are collectively known as DNA
damage response (DDR). DDR enables the cell to sense DNA dam-
age, propagate DNA damage signals, and activate signaling cas-
cades that subsequently evoke a multitude of cellular responses,
including cell-cycle checkpoints to slow down or stall damaged
cells until the resolution of lesions. If unrepaired DSBs persist, cells
will undergo either apoptosis or senescence to prevent the duplica-
tion and partitioning of damaged DNA into daughter cells [18].
Over the past decades, many studies have contributed and led to
the outline of the molecular framework of DDR pathways. Histone
variant H2AX is a key DDR component. It becomes rapidly (i.e.,
within minutes) phosphorylated at its carboxyl terminus to form
the so-called cH2AX at DSB sites [19]. Interestingly, many DNA
damage response and DNA repair proteins also accumulate around
the sites of DSBs, where they can be visualized as DNA damage-in-
duced foci. The focus formation of many of these DNA damage re-
pair proteins requires H2AX, thus implying that H2AX plays an
important role at early stage of DNA damage response. However,
there is evidence that supports the existence of H2AX-independent
DNA damage response and repair pathways. Here, we will review
these recent ﬁndings and propose a revised model that integrates
both the H2AX-dependent and H2AX-independent DNA damage re-
sponse and repair pathways in mammalian systems.lsevier B.V. All rights reserved.
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H2AX is a member of histone H2A family, which is one of the
ﬁve types of histones that package and organize eukaryotic DNA
into chromatin. The basic composition of chromatin is the nucle-
osome. Each nucleosome consists of eight histone molecules, two
from each of the four core histones (H2A, H2B, H3, and H4) to
form an octamer, which is wrapped by approximately 146 bp of
DNA. The linker histone, H1, interacts with linker DNA between
nucleosomes and functions in compacting chromatin into higher
order structures. H2AX is actually a rare histone variant that is
distributed throughout mammalian chromatin. It makes up
10% of total H2A molecules in normal human ﬁbroblasts, with
this percentage varying among different cell types [3,19,20].
Substantial studies have placed H2AX at the center stage of
DDR. H2AX modiﬁcations, including phosphorylation, ubiquityla-
tion, and acetylation are of great importance in DDR pathways.
They are critical not only for recruiting downstream DNA damage
and repair proteins, but also for the ampliﬁcation of DNA damage
signals.
2.1. H2AX phosphorylation and function in response to DSBs
In response to DSBs, the conserved C-terminal tail of H2AX be-
comes rapidly phosphorylated at serine-139 by PI3-K like kinases,
including ATM, ATR and DNA-PKcs. ATM and DNA-PKcs display
functional redundancy in phosphorylating H2AX following ioniz-
ing radiation, while ATR is more important for H2AX phosphoryla-
tion in response to DNA damage that would slow or stall
replication forks [19]. The phosphorylated H2AX, named cH2AX,
is one of the ﬁrst proteins involved in DNA damage response
(DDR) pathways. It is required for DNA damage signal ampliﬁca-Fig. 1. H2AX-dependent DNA damage response and repair pathways. The MRN-mediate
the generation of cH2AX (phosphorylation of H2AX at serine 139). cH2AX can then recrui
platform for NBS1 and RNF8 docking in a phosphorylation-dependent manner. RNF8 in
tethering 53BP1, RAD18, BRCA1, and RAP80-containing complex at damage sites. TIP60 c
be negatively regulated via dephosphorylation by a number of phosphatases, such as PPtion and subsequent accumulation of numerous DDR proteins at
DSBs sites to form the so-called ionizing radiation induced foci
(IRIF) [21–25] (also see Fig. 1 for a modiﬁed model of the DNA
damage signaling cascade). Given this important function of
cH2AX in DDR, it is not surprising that several protein phospha-
tases, PP2A, PP4, PP6, and Wip1, have been shown to dephosphor-
ylate cH2AX and negatively regulate H2AX functions [26–30].
MDC1 (Mediator of Damage Checkpoint protein 1) works very
closely with cH2AX in DDR, since it is required for almost all of
the cH2AX-dependent focus formation events following DNA dam-
age. In response to DSBs, MDC1 binds directly to cH2AX through its
BRCT domains [31,32]. The phosphorylation of six SDTDXD/E re-
peats near the N terminus of MDC1 serves to recruit NBS1 (Nijme-
gen Breakage Syndrome 1) and to regulate the intra-S-phase
checkpoint in response to DNA damage [33–36]. In addition,
MDC1 also recruits E3 ubiquitin ligase RNF8 in a phosphoryla-
tion-dependent manner, with the latter being responsible for teth-
ering 53BP1 (p53-Binding Protein 1), BRCA1 (Breast and Ovarian
Cancer Susceptibility Protein 1), and RAP80 (Receptor-Associated
Protein 80)-containing complexes at damage sites [37–41]. More
importantly, a signal ampliﬁcation loop that includes the factors
H2AX, MDC1, and probably NBS1 activates and/or retains ATM at
DSB sites and leads to the spreading of H2AX phosphorylation up
to megabase regions surrounding DSBs [42]. This long-range
cH2AX/MDC1 localization adjacent to DSBs serves as a landing site
for the accumulation of other DDR proteins.
Besides MDC1, MCPH1 (also known as BRIT1) is also recruited
to DSB sites via its direct interaction with cH2AX, as is mediated
by the C-terminal BRCT domains of MCPH1 [43]. MCPH1 plays
roles in chromatin condensation, chromatin remodeling, HR repair,
and cell-cycle checkpoints via its association with multiple DNA
damage signaling and repair proteins [44–47].d ATM activation at DSB sites initiates a series of phosphorylation events, including
t MDC1, MCPH1 and INO80 via direct protein–protein interactions. MDC1 serves as a
itiates a DNA damage-induced ubiquitylation cascade which is required for further
an catalyze H2AX acetylation to promote its ubiquitylation. In addition, cH2AX can
2A, PP4, PP6 and Wip1.
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plays multiple roles during apoptosis and necrosis [48]. DNA-PKcs
phosphorylates H2AX at serine-139 during apoptotic DNA frag-
mentationwhile ATM is dispensable for this process [49–51]. Ultra-
violet (UV) A irradiation can strongly induce H2AX phosphorylation
via c-Jun N-terminal kinase (JNK) and phosphorylation of H2AX by
JNK was associated with induction of apoptosis [52]. Another group
reported that serum starvation induces H2AX phosphorylation to
regulate apoptosis via p38 MAPK (mitogen-activated protein ki-
nase) pathway [53]. Taken together, these results suggest that
while ATM is involved in H2AX phosphorylation in irradiated cells,
DNA-PK and other kinases have an important role in H2AX phos-
phorylation during apoptosis, which is also supported by the fact
that apoptosis induces degradation of ATM [54], therefore making
DNA-PK or some other kinases the predominant kinase responsible
for cH2AX induction during apoptotic DNA fragmentation. Intrigu-
ingly, recent studies indicate that phosphorylation of tyrosine 142
of H2AX prevents the recruitment of repair complexes, while pro-
moting the binding of pro-apoptotic factors to cH2AX. These obser-
vations therefore provide a plausible model for H2AX in regulation
of apoptotic versus repair response following DNA damage [55,56].
Human chromosomes are capped and stabilized by telomeres.
Telomeres assist in maintaining genomic integrity by preventing
chromosome ends from being recognized as double-strand damage
ends and protecting against chromosome–chromosome fusions
and rearrangements. Telomeres are protected by capping struc-
tures consisting of core protein complexes that bind with sequence
speciﬁcity to telomeric DNA [57]. As mentioned above, the short-
ening or uncapping of telomeres will reveal unprotected double-
stranded ends and trigger a DNA damage response, in which dam-
age response proteins, such as cH2AX, will accumulate at the dys-
functional telomeres [58,59]. In mTR/ cells (cells lacking the
RNA component of telomerase), the damage marker cH2AX has
been shown to localize to the telomere in late generation, thereby
suggesting that critically shortened telomeres are recognized di-
rectly as DNA breaks [60]. It has also been reported that subtelo-
meric regions in budding yeast are constitutively modiﬁed by
cH2AX, suggesting that telomeres can be recognized as a form of
DSB damage [61]. While telomeres can be targeted by cH2AX,
H2AX is neither necessary for the normal mitotic telomere mainte-
nance, nor required for the chromosome fusions caused by dys-
functional telomeres. Nevertheless, H2AX appears to have a
critical role in controlling telomere movement during meiosis [62].
2.2. H2AX acetylation and ubiquitylation in response to DSBs
Phosphorylation is not the only kind of modiﬁcation occurred
on H2AX. Recent studies have revealed dynamic regulations of
the synthesis, recognition, and hydrolysis of ubiquitin chains at
DNA damage sites [63,64]. The formation of ubiquitin chains at
DSB sites is believed to be initiated by a ring-ﬁnger-containing nu-
clear factor called RNF8 [37–39]. RNF8 consists of an N-terminal
FHA domain and a C-terminal RING ﬁnger that has E3 ubiquitin li-
gase activity. RNF8 is recruited to DSB sites in a cH2AX-MDC1-
dependent manner via a direct interaction between phosphory-
lated MDC1 and RNF8 FHA domain. Indeed, biochemical and genet-
ic experiments recently conﬁrmed that at damage sites, RNF8
works together with an E2 ubiquitin-conjugating enzyme, UBC13,
to ubiquitylate histones H2A, H2B, and cH2AX [37,39,65–68] by
conjugating primarily Lys63-linked ubiquitin chains. However,
RNF8 only initiates the formation of ubiquitin chains at the DSB
sites. Another E3 ligase, the RIDDLE syndrome protein RNF168, rec-
ognizes limited ubiquitin chains synthesized by RNF8 through its
two motif-interacting-with-ubiquitin (MIU) domains. RNF168 then
associates with UBC13 and maintains and/or further elongates
polyubiquitin chains at DSBs [66,67].Just to add a bit more complexity to this damage-induced ubiq-
uitylation cascade, a recent study has shown that HERC2, a large
HECT domain-containing protein, interacts with RNF8 in response
to ionizing radiation and facilitates the assembly of ubiquitin-con-
jugating enzyme UBC13 with RNF8, thereby promoting DNA dam-
age-induced formation of ubiquitin chains [69]. Moreover, two
recent papers highlight the importance of SUMO modiﬁcation in
the DNA damage-induced ubiquitylation cascade. RNF8/HERC2
mediated ubiquitylation of H2A is facilitated by PIAS4-dependent
SUMOylation [70]. BRCA1 can also be modiﬁed by SUMO2/3 in a
PIAS1-dependent manner, which increases its E3 ubiquitin ligase
activity [71].
Although H2AX is ubiquitylated by RNF8 and RNF168, mutating
all of the lysines in H2AX did not decrease ubiquitylated H2A foci
formation, nor did it impair the recruitment of downstream DDR
factors. Thus, although cH2AX initiates this ubiquitylation cascade
and is a bona ﬁde substrate of RNF8 and RNF168, there are other
substrates such as H2A that are also ubiquitylated at DSB sites
[37,38,40,66,67]. It will be interesting to determine in the future
as whether different substrates of RNF8 and RNF168 would carry
out distinct functions in DDR.
Another aspect of this ubiquitylation-dependent signaling cas-
cade that remains to be addressed is the mechanism by which
ubiquitylation chains cause the recruitment of various DNA dam-
age repair proteins. This process is most likely mediated in part
by proteins containing ubiquitin-binding domains. For example,
the recruitment of BRCA1 involves a protein complex that contains
the ubiquitin-binding subunit RAP80. RAP80 targets BRCA1 to DNA
breaks through its ability to act as a molecular bridge between
poly-ubiquitylated histones and CCDC98, the latter directly binds
and recruits BRCA1 [72–74]. Once recruited, BRCA1 and its binding
partner BARD1 can activate the intra-S phase and G2/M cell-cycle
checkpoints, as well as participate in HR repair [75,76]. BRCA1/
BARD1 function as a heterodimeric E3 ubiquitin ligase capable of
catalyzing the formation of K6-linked poly-ubiquitin chains. As
previously stated, PIAS1-dependent SUMOylation of BRCA1 can in-
crease its E3 ubiquitin ligase activity, which may also play a role in
DDR [71]. However, the speciﬁc substrates of BRCA1 and how
BRCA1-dependent ubiquitylation of these substrates regulates
their functions in response to DNA damage remain unclear. More
recently, another E3 ubiquitin ligase, RAD18, was reported to be re-
cruited to sites of DNA breaks in an RNF8-dependent manner,
where it then interacts with RAD51C and promotes HR [77]. In this
case, the recruitment of RAD18 requires the UBZ (ubiquitin-bind-
ing zinc ﬁnger) domain of RAD18, which directly binds to ubiquitin
chains [77].
There are many other DDR proteins that depend on RNF8 and
RNF168 for their accumulation at DSB sites. However, the manner
of their recruitment by this ubiquitylation cascade remains to be
resolved. For instance, the damage-induced focus localization of
p53-binding protein 1 (53BP1) requires RNF8 and RNF168. There
is no evidence that 53BP1 can bind directly to ubiquitin. Rather,
it is postulated that 53BP1 may recognize methylated histones sur-
rounding DSBs, that may become exposed following histone ubiq-
uitylation [78–80]. Further experimentation is required to
ascertain whether this is indeed the case or if 53BP1 localization
requires another yet-to-be-identiﬁed mediator that has ubiqui-
tin-binding activity.
In addition to being ubiquitylated, histones are also acetylated
following DNA damage. For example, histone acetyltransferase
TIP60 participates in DDR [81,82], partially by promoting histone
H4 acetylation and the accumulation of repair proteins, including
RAD51, at DSB sites [83]. Tip60 also acetylates and activates ATM
at DSB sites [84]. With speciﬁc regard to H2AX, TIP60 has been
shown to catalyze H2AX acetylation, independently of its
phosphorylation status, in response to ionizing irradiation [85].
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requisite for H2AX ubiquitylation [85]. This acetylation-dependent
H2AX ubiquitylation by TIP60-UBC13 complex may result in the
release of H2AX from damaged chromatin, thereby enhancing
chromatin dynamics and allowing the access of repair proteins to
DSB sites. Such complex crosstalks involving phosphorylation,
acetylation, ubiquitylaton, and SUMOylation of H2AX and other
DDR proteins illustrate a highly coordinated network that is acti-
vated in response to DNA damage. The details regarding the inter-
plays among these posttranslational modiﬁcations warrant further
investigation.
2.3. cH2AX and chromatin remodeling in response to DSBs
The highly compacted structure of chromatin acts as a natural
barrier against access to DNA during transcription, DNA damage
repair, and recombination. Abundant evidence suggests that many
chromatin remodeling complexes are involved in DDR and DNA re-
pair [86]. In response to DNA damage, chromatin structure can be
altered by several mechanisms, including the action by ATP-depen-
dent chromatin remodeling complexes, the incorporation or re-
moval of histone variants into or from nucleosomes, and covalent
histone modiﬁcations [87]. As we mentioned above, the primary
role of H2AX in DDR is to facilitate the access of repair proteins
to DSB sites. In the same capacity, H2AX also participates in DNA
damage-induced chromatin remodeling by promoting the recruit-
ment of remodeling complexes and/or other histone modifying
protein complexes, one of which being the INO80 complex.
The INO80 complex is a multi-subunit, ATP-dependent chroma-
tin remodeling complex, whose ability is to regulate transcrip-
tional processes is well established [88]. Recent studies reveal
that the INO80 complex also has a crucial function in many other
cellular processes, including DNA repair [88,89]. In yeast, the
INO80 complex is recruited to HO endonuclease-induced DSB
through its speciﬁc interaction with damage-induced phosphory-
lated H2A (equivalent to cH2AX in human). This interaction re-
quires Nhp10, an HMG-like subunit in the INO80 complex. Loss
of Nhp10 or cH2AX results in reduced INO80 recruitment to DSB
sites. Moreover, yeast INO80 mutants are hypersensitive to DNA-
damaging agents [90,91]. In this way, it is clear that H2AX not only
participates in the accumulation of numerous DDR and DNA repair
factors to DSB sites, but also facilitates chromatin modiﬁcation and
remodeling at and near DSB sites to further promote DNA damage
response and repair processes.3. Histone H2AX-dependent and independent DNA repair
pathways
Although we have extensively discussed H2AX-dependent DDR
signaling pathways, it is worth pointing out that H2AX (in particu-
lar its most important modiﬁcation, cH2AX) is neither required for
the initial localization of some DDR proteins such as MRN (MRE11–
RAD50–NBS1) complex, 53BP1, and BRCA1 to DSB sites, nor re-
quired for the accumulation of other DDR proteins, such as WRN,
BLM, and more recently CENP-A at DNA damage sites [92–94].
More importantly, H2AX-deﬁcient cells show only mild defects in
DNA damage checkpoint control and DNA repair, suggesting that
H2AX assists in, but is not critical for DNA damage checkpoint acti-
vation and DNA repair processes [95,96]. The mild defects could be
explained by the fact that H2AX is not required for the initial MRN
and/or ATM localization at DSB sites, which is likely to be the
essential step involved in DNA damage checkpoint control.
As formerly discussed, the functions of H2AX in DNA repair
likely depend on its ability to accumulate many DNA damage
response and repair proteins at or near the sites of DNA breaks.It is reasonable to speculate that such accumulation of DDR and re-
pair proteins at or near DSB sites increase the local concentration
of these proteins and thus effectively promote DSB repair. It is also
possible that cH2AX and the associated proteins that it helps to
accumulate may assist in holding broken ends together, thereby
allowing time for DNA repair and minimizing the risk of misrepair
[23,24,97]. This may be the reason that H2AX is more involved in
the repair of free DSBs formed by ionizing radiation, but is largely
dispensable for V(D)J recombination and for retroviral postintegra-
tion repair, which require additional factors like RAG1/2 and
intergrases [16,22,62,98]. Since cH2AX predominantly forms in re-
sponse to DSBs, we will next discuss the involvement of H2AX in
the two main DSB repair pathways, named NHEJ and HR.
3.1. Non-homologous end joining (NHEJ)
As the name implies, NHEJ pathway repairs DSBs without using
the information from homologous sequences. DNA breaks are
sensed by Ku70/80 heterodimer, which in turn recruits DNA-
dependent protein kinase catalytic subunit DNA-PKcs, and assem-
bles the Ku/DNA-PK complex to activate its kinase activity. DNA-PK
functions as a regulatory component in NHEJ, by potentially facil-
itating and regulating the processing of DNA ends. DNA-PK com-
plex also helps to recruit other NHEJ components such as XRCC4,
DNA ligase IV, XLF, and Artemis, which carry out end rejoining
reaction. NHEJ is an ancient DNA repair mechanism that can be
traced back to haploid organisms in which a homologous DNA copy
was not available. Hence, early in evolution, NHEJ served to pro-
vide a survival advantage for these organisms and their ancestors.
Even in higher eukaryotes, NHEJ is often used due to its ability to
repair breaks quickly and at any time in the cell cycle. Moreover,
NHEJ is also critically important for the repair of physiological DSBs
created during V(D)J recombination and class-switch recombina-
tion. Therefore, patients harboring mutations in NHEJ components
are not only sensitive to ionizing radiation, but also suffer severe
immunodeﬁciency [99].
One piece of the evidence supporting H2AX-independent NHEJ
is that even proteins, such as 53BP1, BRCA1, and MRE11, that re-
quire H2AX for stable accumulation at DSB sites, can still be re-
cruited to DSB sites in H2AX null cells [95,96]. This observation
suggests that H2AX-dependent accumulation of such repair pro-
teins is one, but not the only, way that these proteins localize to
DSB sites. Furthermore, MRN complex is known to play a role in
NHEJ. MRN complex binds directly to DSBs independently of
H2AX [95,96] and the NHEJ function of MRE11 occurs independent
of H2AX [100]. The MRN complex, as the initial sensor, carries out
at least two distinct functions following DNA damage. One is to
promote DNA repair by itself or by transient localization of several
DNA damage repair proteins in the absence of H2AX [96]. The other
is to activate ATM and ATM-dependent checkpoints [101–103].
The separate functions of MRN in DNA damage response is strongly
supported by two recent publications [104,105], which demon-
strate while the nuclease activity of MRE11 is essential to initiate
DNA repair, it is largely dispensable for ATM activation.
53BP1 has also been implicated as a facilitator of NHEJ [106],
especially during the S phase of the cell cycle [107]. Speciﬁcally,
53BP1-deﬁcient mice and cells display signiﬁcant deﬁcits in
class-switch recombination and long-range V(D)J recombination
[108–110]. So far, the molecular mechanism of damage-induced
53BP1 focus formation remains a puzzle. There are at least four
ways that 53BP1 may be recruited and accumulate at DSB sites:
(1) 53BP1 binds to methylated lysine 79 of histone H3 or dimethy-
lated lysine 20 of histone H4 near or at DSBs [78,79]; (2) the GAR
motif of 53BP1 is arginine methylated by PRMT1 and is necessary
for 53BP1 DNA binding activity [111]; (3) RNA mediated 53BP1
and DSB sites interaction [112]; and (4) 53BP1 interacts with
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sites [96,113]. While some of these methods of recruitment or
accumulation of 53BP1 at DSB may still be H2AX dependent or at
least facilitated by H2AX, we have shown that the transient
recruitment of 53BP1 by MRN complex can occur in H2AX null
cells [96,113]. This observation, in addition to the mild class-
switch recombination defect observed in H2AX-deﬁcient mice,
suggests that 53BP1 can function in DNA repair independently of
H2AX.
Although BRCA1 is best known for its involvement in HR repair,
there is some indication that BRCA1may also contribute to NHEJ. In
terms of mechanisms, a recent study showed that BRCA1 is in-
volved in NHEJ via its interaction with Ku80 through its N terminus
[114]. The accumulation of N or C termini of BRCA1 at DSBs exhibits
distinct kinetics. In vivo experiments showed that the N-terminal
BRCA1 fragment accumulates and dissociates rapidly from laser-in-
duced DSBs, while the C-terminal fragment accumulates slowly at
DSBs and remains at these sites. These data suggest that the recruit-
ment of BRCA1 via its N terminus occurs independently of H2AX
and most likely contributes to NHEJ. In contrast, the accumulation
of BRCA1 via its C terminus mainly contributes in HR [114].
NHEJ and HR factors are believed to be independently recruited
to DSB sites and may even antagonize each other. As revealed by
experiments using laser-induced DSBs, the retention of NHEJ fac-
tors at DSB sites is transient, whereas HR factors persist at these
unrepaired lesions [115,116]. This may reﬂect the difference in
speed of NHEJ versus HR repair processes. The spatio-temporal
relationship between NHEJ and DDR activation is not clear and
subject to much speculation. NHEJ at DSB sites may occur so rap-Fig. 2. H2AX-independent DSB recognition and repair pathways. The MRN complex or
complex recruits CtIP and BRCA1/PALB2/BRCA2 to initiate its preferred HR. At the same ti
a serial of phosphorylation events including cH2AX. As presented in Fig. 1, cH2AX
accumulation of many DNA damage response and repair proteins at DSB sites to facilitat
recruits DNA-PKcs and other NHEJ components to carry out end joining reactions. NHEJ i
NHEJ pathway (C-NHEJ) and the lig IV-independent alternative end joining pathway (A
BRCA1 to DSB sites may facilitate NHEJ, especially the A-NHEJ pathway.idly that DDR, including ATM activation and H2AX phosphoryla-
tion, does not even take place before the lesion is repaired. As a
rare histone variant, H2AX is only present, on average, in 1 of every
5 or 10 human nucleosomes, where H2A is the predominant form
in histone octamers [99]. In this way, the majority of DSBs should
occur several nucleosomes away from the nearest octamer con-
taining an H2AX molecule. Given the fact that the classic NHEJ
probably requires less than 30 bp on each side of the DNA break
[99], and that most H2AXs locate several nucleosomes away from
the DSBs, it is hard to imagine that H2AX phosphorylation would
be critical for NHEJ.
Nevertheless, several studies suggested that cH2AX might have
some impact on NHEJ [117,118]. Most of these evidences are based
on immunoﬂuorescent co-localization studies in which the damage
sites detected likely contained a mixture of HR and NHEJ events.
Since cH2AX is involved in the accumulation of DNA repair pro-
teins, such as 53BP1 and MRN complex at DSB sites, and these pro-
teins are known to play a role in some specialized NHEJ processes,
we believe that cH2AX can contribute to certain types of NHEJ. We
further postulate that although H2AX is likely dispensable for clas-
sic NHEJ repair, it plays an accessory role in speciﬁc NHEJ processes
that require the stable accumulation of several DNA damage repair
proteins, including MRN, 53BP1, and BRCA1 (see Fig. 2 for a modi-
ﬁed model of H2AX-independent repair pathways).
3.2. HR
In HR, the information on the sister chromatid is usually used
for the repair of a broken chromatid. In this case, DSB is sensedKu70/80 heterodimer recognizes and binds directly to broken DNA ends. The MRN
me, MRN complex also recruits and activates ATM, which is involved in the initiation
and H2AX-dependent signal transduction events are required for the sustained
e DNA repair processes. If the broken DNA ends are recognized by Ku70/80, it then
s now suggested to be mediated by two sub-pathways, the lig IV-dependent classic
-NHEJ). It is worth pointing out that the recruitment of MRN complex, 53BP1, and
3722 J. Yuan et al. / FEBS Letters 584 (2010) 3717–3724and recognized by MRN complex, which can be recruited to the
DSB site to generate single-stranded DNA (ssDNA) regions via
end resection. Once the DNA ends are resected, RPA binds efﬁ-
ciently to ssDNA and with the help of some mediators such as
BRCA2, RAD51 can then replace RPA and form nucleoprotein ﬁla-
ments to invade the homologous template and create D-loop and
Holliday junction. This process eventually primes DNA synthesis
to copy and ultimately restore genetic information that was dis-
rupted by DSB [17].
Similar to its role in NHEJ, H2AX only modulates HR repair efﬁ-
ciency [95,98,119–121]. In the absence of H2AX, MRN complex can
recognize DSB sites and initiate DNA end resection and HR repair.
Moreover, in H2AX-deﬁcient cells, MRN complex is initially in-
volved in the transient recruitment of other signaling and repair
factors, such as BRCA1 and 53BP1, at DSB sites [96]. This highlights
a critical role of MRN complex, and perhaps CtIP (MRN-CtIP axis),
at early stage of DNA damage response [122] (Fig. 2).
The generation of ssDNAs, especially RPA-coated ssDNAs, is be-
lieved to be an intermediate step for HR repair [123,124]. It has
been shown that depletion of NBS1, MRE11, or CtIP can greatly im-
pair RPA foci formation (the readout for ssDNA generation) in re-
sponse to DSBs. Nevertheless H2AX, MDC1, or ATM deﬁciency
exhibits seemingly normal RPA foci formation [96]. Consistently,
DNA damage-induced RPA foci formation has been shown to be
independent of cH2AX, given that the PI3 kinase inhibitor Wort-
mannin can block DNA damage-induced cH2AX, but not RPA foci
formation [125]. In addition, recruitment of HR repair protein
RAD51 to damage sites has long been known to function indepen-
dently of H2AX phosphorylation status [22]. Moreover, deﬁciencies
in any of the components in the H2AX-MDC1-RNF8-RAP80 path-
way do not abolish PALB2-dependent RAD51 foci formation
[126]. CCDC98, a localizer of BRCA1 to DNA damage, plays down-
stream of the H2AX-MDC1 axis [41,74,127]. However cells de-
pleted of CCDC98 or RAP80 exhibit mild HR defects [74], again
implicating that although RAP80-CCDC98-mediated localization
of BRCA1 has a role in the DNA damage response, they are not
essential for HR repair.
The fact that any deﬁciency in the H2AX-MDC1 axis only leads to
mild DSB repair defects suggests that cH2AXmight regulate the re-
pair of selected DSBs or assist speciﬁc repair sub-pathways [128].
H2AXmay perform an accessory function in HR repair via its ability
to stabilize and accumulate DNA damage repair proteins at or near
DSB sites. The moderate role of the H2AX-MDC1 axis in HR repair is
also supported by mouse genetic studies. Depletion of components
directly or indirectly involved in HR pathway such as, ATR
[129,130], MRN complex [131–133], CtIP [134], BRCA1 [135],
BRCA2 [136], and RAD51 [137], in mice all result in embryonic
lethality, suggesting that the intact HR pathway is critical impor-
tant during embryogenesis. On the other hand, H2AX/ mice ex-
hibit relatively mild phenotypes with some degree of genomic
instability [22]. In fact, mice lacking other factors involved in the
H2AX-MDC1 axis, such as ATM [138–140], and MDC1 [31], all dis-
play increased genomic instability and cancer susceptibility; never-
theless these null mice are viable. Again, such observations indicate
that an HR-mediated DSB repair pathway can occur, albeit at lower
efﬁciency, in cells or animals deﬁcient in any of the components in-
volved in the H2AX-mediated DNA damage-signaling cascade.
4. Summary and perspective
This review has concentrated on H2AX and discussed its role in
DNA damage response and DNA repair. We would like to use two
cartoons to summarize this review: the H2AX-dependent DNA
damage response and repair pathways (as shown in Fig. 1) and
the H2AX-independent DSB recognition and repair pathways(Fig. 2). The H2AX-dependent stable accumulation phase has been
extensively studied. However, the H2AX-independent initial recog-
nition of DNA breaks and the selection or the commitment of NHEJ
versus HR pathways in DSB repair remain largely unknown. Future
studies should focus on the interplay between Ku70/80 and MRN
complexes, given that these are the two protein complexes that
recognize DNA breaks and initiate respectively NHEJ and HR repair.
How their abilities to bind to DSB are regulated by the structure of
DNA breaks, the action of various DSB modifying enzymes, and the
different cell cycle phases will help us to appreciate the fascinating
coordination of these repair processes in the maintaining of geno-
mic stability.
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